Mechanisms underlying motor neuron degeneration in spinal muscular atrophy (SMA), the leading inherited cause of infant mortality, remain largely unknown. Many studies have established the importance of hyperphosphorylation of the microtubule-associated protein tau in various neurodegenerative disorders, including Alzheimer's and Parkinson's diseases. However, tau phosphorylation in SMA pathogenesis has yet to be investigated. Here we show that tau phosphorylation on serine 202 (S202) and threonine 205 (T205) is increased significantly in SMA motor neurons using two SMA mouse models and human SMA patient spinal cord samples. Interestingly, phosphorylated tau does not form aggregates in motor neurons or neuromuscular junctions (NMJs), even at late stages of SMA disease, distinguishing it from other tauopathies. Hyperphosphorylation of tau on S202 and T205 is mediated by cyclin-dependent kinase 5 (Cdk5) in SMA disease condition, because tau phosphorylation at these sites is significantly reduced in Cdk5 knock-out mice; genetic knock-out of Cdk5 activating subunit p35 in an SMA mouse model also leads to reduced tau phosphorylation on S202 and T205 in the SMA;p35 Ϫ/Ϫ compound mutant mice. In addition, expression of the phosphorylation-deficient tauS202A,T205A mutant alleviates motor neuron defects in a zebrafish SMA model in vivo and mouse motor neuron degeneration in culture, whereas expression of phosphorylationmimetic tauS202E,T205E promotes motor neuron defects. More importantly, genetic knock-out of tau in SMA mice rescues synapse stripping on motor neurons, NMJ denervation, and motor neuron degeneration in vivo. Altogether, our findings suggest a novel mechanism for SMA pathogenesis in which hyperphosphorylation of non-aggregating tau by Cdk5 contributes to motor neuron degeneration.
Introduction
Spinal muscular atrophy (SMA), the leading inherited cause of infant mortality, is an autosomal recessive genetic disorder characterized by the loss of spinal motor neurons (Lunn and Wang, 2008; Burghes and Beattie, 2009) . SMA is caused by mutations in the survival motor neuron SMN1 gene, leading to reduced levels of SMN protein (Lefebvre et al., 1995) . Although SMN is expressed ubiquitously in all tissues, spinal motor neurons are particularly vulnerable to diminished levels of SMN Burghes and Beattie, 2009) . SMN protein has been implicated in several functional processes, including small nuclear ribonucleoprotein (snRNP) biogenesis and pre-mRNA splicing (Pellizzoni et al., 1998; McWhorter et al., 2003; Rossoll et al., 2003) . Despite extensive efforts to characterize the disease molecularly and cellularly, mechanisms that underlie motor neuron degeneration in SMA remain essentially unknown. Currently, there is no effective therapy for SMA; therefore, a better understanding of the pathogenic mechanism is needed in developing therapeutics for this devastating disorder.
The microtubule-associated protein tau, identified originally as a microtubule-assembly factor (Weingarten et al., 1975; Witman et al., 1976) , is a known critical regulator of intracellular trafficking and signal transduction protein complex formation (Morris et al., 2011). Site-specific phosphorylation of tau regulates its physiological roles in microtubule dynamics, axonal transport, and neurite outgrowth (Biernat et al., 1993; Mandell and Banker, 1996; Tatebayashi et al., 2004) . However, hyperphosphorylation of tau results in self-assembly of neurofibrillary tangles of filaments, which are involved in pathogenesis of Alzheimer's disease and other neurodegenerative tauopathies (Grundke-Iqbal et al., 1986; Wood et al., 1986; Lee et al., 1991; Vanderweyde et al., 2012) . Phosphorylation of serine 202 (S202) and threonine 205 (T205), located in the proline-rich (PR) domain of tau, has been implicated in the pathogenesis of Parkinson's and Alzheimer's diseases (Paudel et al., 1993; Bailey et al., 2013) . In both physiological and pathological conditions, tau can be phosphorylated by multiple kinases, including cyclindependent kinase 5 (Cdk5; Baumann et al., 1993; Michel et al., 1998) . Cdk5 is a proline-directed serine/threonine kinase that critically regulates many neuronal functions, such as neuronal migration, axonal morphogenesis, and synaptic activity (Fu et al., 2001; Su and Tsai, 2011) . Dysregulation of Cdk5 activity can lead to tau hyperphosphorylation and is implicated in a number of neurodegenerative disorders, including Alzheimer's disease and amyotrophic lateral sclerosis (Patrick et al., 1999; Nguyen et al., 2001; Wong et al., 2011) . However, the role of tau phosphorylation by Cdk5 in SMA pathogenesis has not been explored.
In this study, we report that hyperphosphorylation of nonaggregating tau on S202 and T205 is increased significantly in motor neurons of SMA animal models and human patients. Expression of tau with enhanced phosphorylation on S202 and T205 by Cdk5 leads to motor neuron defects in zebrafish and mouse motor neuron degeneration, whereas tau deficient for phosphorylation alleviates motor neuron defects. Genetic knock-out of tau in SMA mice rescues synaptic stripping, neuromuscular junction (NMJ) defects, and motor neuron degeneration phenotypes in vivo. Altogether, our findings suggest a potential novel mechanism underlying SMA pathogenesis.
Materials and Methods
Mice and human samples. The ⌬7 SMA mouse model (Smn ; catalog #005025), the Hung-Li SMA mouse model (Smn Ϫ/Ϫ ; SMN2Hung tg/Ϫ ; catalog #005058), the tau knock-out mice (catalog #007251), the p35 knock-out mice (catalog #004163), the Cdk5 conditional knock-out mice (Cdk5 F/F ; catalog #014156), and the Nestin-Cre mice (catalog #003771) were obtained from the Jackson Laboratory. Genomic DNA extracted from tail samples was used for PCR-based genotyping as reported previously (Chae et al., 1997; Tronche et al., 1999; Hsieh-Li et al., 2000; Le et al., 2005; Samuels et al., 2007) . Both male and female mice were used. SMA and control human tissue was collected at autopsy after parental informed consent as approved by the Johns Hopkins University School of Medicine Institutional Review Board. Some control human tissues were obtained from the Human Development Brain and Tissue Bank for Developmental Disorders at the University of Maryland (Table 1) .
Immunohistochemistry. SMA and wild-type (WT) mice were perfused with PBS and 4% PFA. Spinal cords were isolated and fixed in freshly made 4% PFA overnight. Postmortem human spinal cord samples were fixed in 4% PFA for 12 h. All samples were washed extensively with PBS and treated sequentially with 15 and 30% sucrose before embedding into OCT. Cryosections of 18 m thickness were then prepared with a Leica CM1950 cryostat. For immunostaining, tissue sections were first treated with 10 mM citric acid antigen retrieval solution (Dako) at 98°C for 20 min, then permeabilized in 0.25% Triton X-100, and blocked with 5% donkey serum and 5% goat serum in PBST buffer (PBS with 0.05% Tween 20). Samples were then incubated with primary antibodies overnight at 4°C, washed with PBST, incubated with secondary antibodies, washed with PBST, mounted in Aquamount (Thermo Fisher Scientific), and imaged with Zeiss LSM510 confocal microscope. Primary antibodies used in this study are as follows: AT-8 phospho-tau S202&T205 (1:500, mouse monoclonal; Autogen Bioclear), AT-100 phospho-tau T212&S214 (1:100, mouse monoclonal; catalog #MN1060; Pierce), tau (1:100, Tau-5 mouse monoclonal; 1:250, Tau C-17 goat polyclonal; both from Santa Cruz Biotechnology), P35/P25 (1:500, rabbit monoclonal; catalog #2680; Cell Signaling Technology), HB9 (1:10,000, rabbit polyclonal; Dr. Samuel Pfaff, The Salk Institute, La Jolla, CA), Cux1 (1:20, rabbit polyclonal; catalog #SC-13024; Santa Cruz Biotechnology), Isl1 (1:750, mouse monoclonal; clone 40.2D6; Developmental Studies Hybridoma Bank), SV2 (1:500, mouse monoclonal; Developmental Studies Hybridoma Bank), choline acetyltransferase (ChAT; 1:100, goat polyclonal; catalog #AB144P; Millipore Bioscience Research Reagents), vesicular glutamate transporter 1 (VGluT1; 1:500, rabbit polyclonal; catalog #135303; Synaptic Systems), neurofilament (1:3000, chicken polyclonal; catalog #AB5539; Millipore), ␣-bungarotoxin (BTX; 1:1000, Alexa Fluor 594 conjugated; Invitrogen), Tuj1 (1:1000, mouse monoclonal; catalog #MRB-435P; Covance), synaptophysin (1:200, rabbit polyclonal; catalog #18-0130; Invitrogen), O4 (1:25; catalog #MAB345; Millipore), glial fibrillary acidic protein (GFAP; 1:500, rabbit polyclonal; catalog #Z0334;Dako),cleavedcaspase-3(1:500,rabbitpolyclonal;catalog#PC679;Calbiochem), and Iba1 (1:1000, goat polyclonal; catalog #ab107159; Abcam). Secondary antibodies are from Jackson ImmunoResearch and used at 1:500 dilution.
To stain NMJs, flexor digitorum brevis (FDB), longissimus, and extensor digitorum longus (EDL) muscles were isolated and teased into layers of 5-10 fibers thick to facilitate penetration of antibodies. Presynaptic nerve terminals were labeled with anti-neurofilament and antisynaptophysin or anti-tau antibodies. Acetylcholine receptors (AChRs) were labeled by BTX. Z-stack images of fluorescently labeled NMJs were captured at sequential focal planes 1 m apart using a Zeiss LSM 510 META confocal microscope. All confocal images were taken using the same imaging parameters, including laser intensities, amplification gains, and offsets. To study excitatory synapse formation on spinal motor neurons, lumbar spinal cord segments (L1-L2) were dissected and processed for 80-m-thick vibratome (Leica) sections. Motor neurons were labeled with anti-ChAT antibody and excitatory presynaptic terminals with anti-VGluT1. Glutamatergic synapses were identified as boutons apposed to the membrane of motor neuron soma and proximal dendrites. Statistical significance was determined using one-way ANOVA analysis with Tukey's HSD post hoc analysis.
Western blotting and immunoprecipitation. Spinal cord samples or motor neurons were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.5, 1 mM EDTA, 5 mM DTT, 10 mM NaF, and 1 mM Na 3 VO 4 ) plus proteinase inhibitors (Roche) and PhosSTOP phosphatase inhibitors (Roche) to be used for Western blotting or immunoprecipitation buffer (200 mM NaCl, 0.4% Triton X-100, 0.7% CHAPS, 50 mM Tris, pH 8.0, 5 mM EDTA, and 5 mM DTT) for immunoprecipitation. Samples were homogenized by a Polytron handheld homogenizer (Kinematica) and quantified using the BCA pro- Morpholino knockdown and mRNA expression in zebrafish. An antisense morpholino (MO1) was designed against the 5Ј start sequence of zebrafish smn gene: 5Ј-CGACATCTTCTGCACCATTGGC-3Ј (Gene Tools). An additional MO2 was designed against the 5Ј UTR sequence of the smn gene: 5Ј-TTTAAATATTTCCCAAGTCCAACGT-3Ј (McWhorter et al., 2003) . WT tau, tau S202A,T205A, and tau S202E,T205E in pCS2 vector were linearized with NotI, and capped RNAs were generated using the SP6 mMESSAGE mMACHINE kit (Ambion). One-cell stage Tg(olig2:egfp) fish (Shin et al., 2003) embryos were injected with 4 ng of smn MO1 and 200 pg of WT or mutant tau mRNA. Embryos were fixed with 4% PFA at ϳ28 h after fertilization. GFP-positive motor axons between myotomes 7 and 16 were imaged using a Zeiss LSM510 fluorescence confocal microscope. Similar to previous studies (Akten et al., 2011) , we classify truncations or truncation plus abnormal branching of fish motor neuron axons as severe defects, abnormal branching without truncations as moderate defects lacking stereotyped morphology, but not branched or truncated as mild defects. The percentage of fish with at least 50% of their motor axons display severe or moderate defects was quantified. Fish with gross morphological defects were not included. Both sides of the fish trunk were scored. Statistical significance was determined using one-way ANOVA analysis with Tukey's HSD post hoc analysis.
Mouse primary spinal cord neuron and NSC-34 cell culture. Primary neurons from mouse spinal cords were cultured in Neurobasal medium (Life Technologies) supplemented with B27 (Life Technologies). Briefly, spinal cords from E12.5 mouse embryos were dissected out and dissociated with 0.25% trypsin. After enriching motor neurons with Optiprep density gradient centrifugation and BSA cushion, cells were seeded on glass coverslips coated with 20 g/ml poly-L-lysine (Sigma) and 8 g/ml laminin (Sigma) and grown in the presence of 50 g/ml BDNF, 50 g/ml CNTF, and 25 g/ml GDNF (PeproTech). The NSC-34 motor neuron cell line was generously provided by Dr. Neil Cashman (University of British Columbia, Vancouver, Canada; Cashman et al., 1992) . Cells were cultured in DMEM (CellGro) supplemented with 3% fetal bovine serum at 37°C with 5% CO 2 . Cells were transfected with Lipofectamine 2000 (Life Technologies) following the instructions of the manufacturer. Cell death was detected by the In Situ Cell Death Detection TUNEL kit, TMR Red (Roche) 48 h after transfection.
Constructs. The human tau40 (human 2N/4R tau) construct was used as the template to clone into pCS2-Flag vector for transfection and generating RNA. Mutant tau S202A,T205A and tau S202E,T205E were generated by using the QuickChange site-directed mutagenesis kit (Stratagene) and confirmed by sequencing.
In vitro kinase assay. In vitro reconstitution kinase assay was performed as described previously (Ma et al., 2000) . Bacterial recombinant His-tau was obtained from Prospec (catalog #Pro-295). Flag-tau and Flag-tau S202A,T205A were expressed in the NSC-34 motor neuron cell line. Cells were lysed 2 d after transfection. Anti-Flag M2 magnetic beads (catalog #M8823; Sigma) were used to purify Flag-tagged tau proteins. Cdk5/p25 kinase was purchased from SignalChem (catalog #C33-10G-10). Purified His-tau, Flag-tau, and Flag-tau S202A,T205A proteins were washed and suspended in kinase buffer containing 50 mM HEPES, pH 7.4, 5 mM MnCl 2 , 5 mM MgCl 2 , and 2 mM DTT added fresh and incubated with or without Cdk5/p25 in the presence of 100 M ATP or 10 M [␥-32 P]ATP at 30°C for 15 min. Samples were then denatured in SDS sample buffer, separated on SDS-PAGE, and analyzed by autoradiography or Western blotting.
Results
Microtubule-associated protein tau is hyperphosphorylated in mouse SMA models and human SMA patients The phosphorylation of tau has been implicated in a number of neurodegenerative disorders (Morris et al., 2011) . Because SMA is characterized by spinal motor neuron degeneration, we examined the phosphorylation status of tau in SMA disease conditions, using two widely studied SMA mouse models: the ⌬7 SMA mice ( , 2000) . These SMA mouse models have been generated by expressing low levels of human SMN transgene in Smn knock-out mice to closely resemble the genetic state of human disease (Hsieh-Li et al., 2000; Le et al., 2005) . Both mouse models recapitulate hallmarks of SMA pathogenesis at the molecular, cellular, and behavioral levels, including reduced SMN protein expression, spinal motor neuron degeneration, and motor behavioral defects (Hsieh-Li et al., 2000; Le et al., 2005) . Diseased mice in both SMA models have an average lifespan of ϳ13 d. We focused on the AT-8 antibody that recognizes tau phosphorylated on S202 and T205 (Goedert et al., 1994 (Goedert et al., , 1995 Porzig et al., 2007) and postnatal day 9 (P9), when SMA disease symptoms begin to appear in these mouse models. S202 and T205 are located in the PR domain of tau (Fig. 1A) , and their phosphorylation has been implicated in the pathogenesis of Parkinson's and Alzheimer's diseases and other tauopathies (Paudel et al., 1993; Bailey et al., 2013; Ferrer et al., 2014) . Western blot analyses of spinal cords from P9 ⌬7 SMA mice reveal that tau phosphorylation on S202 and T205 is significantly increased in mice affected by SMA (n ϭ 4, p ϭ 0.0006, Student's t test; Fig. 1 B, C) but not in healthy littermate control. As a control, we used the AT-100 antibody that recognizes phosphorylated tau on T212 and S214, implicated previously in Alzheimer's disease (ZhengFischhöfer et al., 1998 ). We found that the level of phosphorylation on T212 and S214 of tau is similar between SMA and control mice ( Fig. 1 B, C) , suggesting that increased tau phosphorylation is specific to S202 and T205. To test whether the hyperphosphorylation of tau is unique to the ⌬7 SMA mice, we performed similar analyses using a different model, the Hung-Li SMA mice. The phosphorylation of tau on S202 and T205, but not on T212 and S214, is also significantly increased in the Hung-Li SMA mice at P9 (n ϭ 4, p ϭ 0.0003, Student's t test; Fig. 1 D, E) . These data suggest that increased phosphorylation of tau is likely associated with the general SMA pathology but not limited to a specific SMA mouse model. We also examined tau phosphorylation levels at earlier time points in both SMA mouse models and found increased phosphorylation of tau on S202 and T205, but not on T212 and S214, although this increase was not statistically significant (data not shown). More importantly, to test whether the hyperphosphorylation of tau on S202 and T205 is conserved in human SMA patients, we examined lysates from five postmortem spinal cords of type I human SMA patients and five age-matched control samples (Table 1) . We have found that phosphorylation of tau on S202 and T205, but not T212 and S214, is specifically increased in human SMA patients (n ϭ 5, p ϭ 0.0009, Student's t test; Fig. 1 F, G) . Altogether, these data establish a critical correlation between tau hyperphosphorylation and SMA pathogenesis.
Increased phosphorylation of tau on S202 and T205 occurs specifically in SMA motor neurons without forming aggregates Our finding that the phosphorylation of tau on S202 and T205 is increased significantly in SMA patients and mouse models prompted us to further investigate the localization of phosphorylated tau, which may shed light on the functional consequence of these phosphorylation events. Hyperphosphorylated tau has been associated with protein filaments that form neurofibrillary tangles in Alzheimer's disease and related neurodegenerative tauopathies (Grundke-Iqbal et al., 1986; Nukina and Ihara, 1986; Wood et al., 1986; Kondo et al., 1988; Lee et al., 1991; Vanderweyde et al., 2012) . To examine the localization and potential aggregation of phosphorylated tau in SMA, we performed immunostaining with the AT-8 (phospho-S202&T205) antibody on spinal cord sections from SMA mice and human SMA patients. We have found that, at P9 in both the ⌬7 SMA mice ( Fig. 2E-H ) and the Hung-Li SMA mice ( Fig. 2I-L) , tau phosphorylation on S202 and T205 is increased significantly in spinal motor neurons, which are marked by the motor neuron-specific transcription factor HB9 ( Fig. 2 B, F, J, N ) . However, little tau hyperphosphorylation is detected in layer II/ III cortical neurons as marked by Cux1 in P9 ⌬7 SMA mice (Fig. 2MЈ-PЈ) . In addition, using immunostaining and Western blot analysis, we found similar low levels of tau phosphorylation on S202 and T205 recognized by the AT-8 antibody in cultured spinal cord neurons from SMA and control mice (data not shown), suggesting that the in vivo signaling environment is essential for maintaining tau hyperphosphorylation. Previous studies have suggested that tau is located predominantly in neurons and less so in glia (Lee et al., 2001 ), which we confirmed by performing coimmunostaining using antibodies recognizing tau (Tau-5), phosphorylated tau (AT-8), the astrocyte marker GFAP, the microglia marker IbaI, and the oligodendrocyte marker O4. No hy- In addition to expression in neuronal cell bodies, microtubule-associated protein tau is localized in axons. The sciatic nerve is the largest nerve containing the axons of spinal motor neurons that innervate hindlimb muscles. To test whether levels of tau phosphorylated on S202 and T205 are increased in axons in SMA, we performed immunostaining of the sciatic nerve from P9 ⌬7 SMA mice and healthy littermate controls using the AT-8 antibody. We found no increased tau phosphorylation in the sciatic nerve (Fig.  3A-H ) . Similarly, Western blot analysis of the sciatic nerve from P9 ⌬7 SMA mice and WT littermates revealed similar low levels of tau phosphorylated on S202 and T205 (data not shown; n ϭ 3, p ϭ 0.46, Student's t test). Spinal motor neurons extend their axons over long distances to innervate muscle fibers at NMJs. In SMA mouse models, neurofilament accumulation and delayed endplate maturation are observed in NMJs (Cifuentes-Diaz et al., 2002; Kariya et al., 2008; Ling et al., 2012) . Furthermore, defective colocalization of presynaptic motor axon and postsynaptic AChRs has been identified on muscle fibers of mice with SMA (Cifuentes-Diaz et al., 2002; Kariya et al., 2008; Kong et al., 2009; Ling et al., 2012) . To investigate whether phosphorylated tau exists as aggregated protein in SMA mice NMJs, colocalization of phosphorylated tau and AChRs in P12 ⌬7 SMA mouse EDL muscle and longissimus muscle was examined. As shown in Figure 3I -P, there is no increase of tau phosphorylation or tau aggregation in SMA mice NMJs compared with non-diseased mice, suggesting that non-aggregating tau phosphorylated on S202 and T205 is increased specifically in spinal motor neurons affected by SMA.
Cdk5 mediates the phosphorylation of tau on S202 and T205 in SMA In addition to the localization of hyperphosphorylated tau, it is critical to identify the protein kinase that mediates these phosphorylation events, which may shed light on mechanisms underlying motor neuron degeneration in SMA. Previous studies in Alzheimer's disease suggest that the phosphorylation of tau could be mediated by multiple kinases, including glycogen synthase kinase 3 and Cdk5 (Baumann et al., 1993; Paudel et al., 1993; Michel et al., 1998) . Recently, we found that Cdk5 kinase activity is upregulated in both SMA mouse models and human SMAinduced pluripotent stem cell-derived motor neurons (N. Miller and Y.-C. Ma, unpublished observations), which motivated us to focus on the role of Cdk5 in mediating the phosphorylation of tau on S202 and T205. To test whether Cdk5 can directly phosphorylate tau, we incubated purified His-tagged human tau protein from bacteria together with Cdk5/p25 kinase in a kinase assay reaction. p25 is a potent Cdk5 activator that is generated during cleavage of activating subunit p35 by Ca 2ϩ -dependent protease calpain (Lew et al., 1994; Lee et al., 2000) . Recombinant Cdk5/p25 robustly phosphorylates WT tau directly on S202 and T205, as recognized by the AT-8 antibody (Fig. 4A) . In addition, expression of Cdk5/p25 together with Flag-tagged human tau in mouse primary spinal cord neurons leads to hyperphosphorylation of WT tau on S202 and T205 (Fig. 4 B, C) . The phosphorylation of WT tau on S202 and T205 in mouse spinal cord neurons can be reduced by the Cdk5 inhibitor roscovitine (n ϭ 4, p Ͻ 0.0001, one-way ANOVA with Tukey's HSD post hoc analysis; Fig. 4 B, C) , suggesting that Cdk5 phosphorylates tau on S202 and T205 in spinal cord neurons. To examine the role of Cdk5 in mediating tau phosphorylation in vivo, we used Cdk5 knock-out mice. Because Cdk5 null mice are perinatal lethal (Ohshima et al., 1996) , which precludes the analysis of postnatal motor neurons, we used a conditional Cdk5 knock-out generated by crossing Cdk5 F/F mice (Samuels et al., 2007) with Nestin-Cre mice (Tronche et al., 1999) , which express Cre in neuronal cells and survive until adulthood. In spinal cord lysates from the conditional knock-out mice (Cdk5 F/F ; Nestin-Cre), Cdk5 expression and tau phosphorylation on S202 and T205 were reduced significantly (n ϭ 4, p Ͻ 0.0001, Student's t test; Fig. 4 D, E) . Furthermore, to test whether the increased phosphorylation of tau on S202 and T205 in SMA mice can also be rescued by reducing Cdk5 kinase activity, we genetically removed the Cdk5 activating subunit p35 in the Hung-Li SMA mice (Smn Ϫ/Ϫ ; SMN2Hung tg/tg ). The kinase activity of Cdk5 is dictated by its regulatory subunit p35 and p25 (Lew et al., 1994; Lee et al., 2000; Su and Tsai, 2011) . Increased conversion of p35 to p25 has been implicated in pathological conditions, including Alzheimer's disease (Patrick et al., 1999 ). We found that the level of p25 was increased in the Hung-Li SMA mice (Fig. 4F ). In addition, using a compound mutant mouse line in which p35 is removed genetically in the Hung-Li SMA mice ( p35 Ϫ/Ϫ ;Smn Ϫ/Ϫ ;SMN2Hung tg/tg or p35 Ϫ/Ϫ ;SMA), we found that hyperphosphorylation of tau on S202 and T205 is reduced significantly (n ϭ 4, p Ͻ 0.0001, one-way ANOVA with Tukey's HSD post hoc analysis; Fig.  4 F, G) . Together, our genetic, pharmacological, and biochemical evidence demonstrate that Cdk5 mediates the increased phosphorylation of tau on S202 and T205 in SMA disease conditions.
Cdk5-mediated tau phosphorylation leads to degeneration in cultured mouse spinal cord neurons and motor neuron defects in a zebrafish SMA model in vivo
We next sought to examine whether an increase in Cdk5-mediated tau phosphorylation induces motor neuron degeneration. We expressed Cdk5 and tau together with GFP in cultured mouse primary spinal cord neurons and measured neurodegeneration by TUNEL assay. Neurons transfected with Cdk5, p25, and WT tau show significantly increased cell death (Fig. 5A-E ) compared with cells transfected with WT tau alone ( p Ͻ 0.0001, Student's t test; WT tau, n ϭ 21; WT tau plus Cdk5, n ϭ 31). In contrast, the expression of the phosphorylation-deficient tau S202A,T205A mutant (tau A) together with Cdk5/p25 leads to significantly reduced cell death compared with cells transfected with Cdk5/p25 and WT tau ( p Ͻ 0.0001, Student's t test; WT tau plus Cdk5, n ϭ 31; tau A plus Cdk5, n ϭ 15; Fig. 5E ). To test whether increased tau phosphorylation might be sufficient to promote primary spinal cord neuron death, we overexpressed the phosphorylation mimetic tau S202E,T205E mutant (tau E) and observed significantly increased cell death compared with expressing WT tau alone ( p Ͻ 0.0001, Student's t test; WT tau, n ϭ 21; tau E, n ϭ 15; Fig.  5E ). Altogether, these data suggest that increased phosphorylation of tau on S202 and T205 promotes degeneration in mouse primary spinal cord neurons. Next we asked whether Cdk5-mediated tau phosphorylation drives motor neuron defects in an in vivo model of SMA. Antisense MO knockdown of smn in zebrafish recapitulates many aspects of motor neuron defects in SMA disease, including truncation and ectopic branching of motor axons (McWhorter et al., 2003) . These motor neuron defects can be rescued by the expression of WT SMN but not the mutated ⌬7SMN present in human patients (McWhorter et al., 2003) . To examine the effect of tau phosphorylation, we injected RNA encoding the nonphos- phorylatable tau S202A,T205A mutant and the phosphorylation mimetic tau S202E,T205E mutant together with smn MO into one-cell stage Tg(olig2:egfp) transgenic zebrafish embryos. Motor neuron axons of Tg(olig2:egfp) fish are labeled specifically by GFP (Shin et al., 2003) . Expression of tau S202E,T205E leads to significantly increased motor axon truncation defects (n ϭ 5 experiments; p Ͻ 0.0001, Student's t test; Fig. 5F-J ) , suggesting that increased phosphorylation of S202 and T205 is sufficient for inducing motor neuron deficits in vivo. In addition, the expression of nonphosphorylatable tau S202A,T205A mutant rescues motor axon defects caused by MO knockdown of smn in zebrafish, indicating the importance of tau phosphorylation in mediating motor neuron defects in vivo (n ϭ 5 experiments, p Ͻ 0.0001, Student's t test; Fig. 5J ).
Genetic knock-out of tau in an SMA mouse model rescues synaptic stripping on motor neurons, NMJ denervation, and motor neuron degeneration in vivo Phosphorylated tau is a major component of the paired helical filament and neurofibrillary tangles in Alzheimer's disease (Goedert et al., 1988 (Goedert et al., , 2006 . Reducing endogenous tau ameliorates amyloid ␤-induced deficits in an Alzheimer's disease mouse model (Roberson et al., 2007) . To further explore the role of tau in SMA pathogenesis, we examined the effects of genetically removing tau in SMA mice on disease phenotypes. Because of functional redundancies among different forms of microtubule-associated proteins, tau knock-out mice show a normal lifespan with hyperactivity, impairment of fear conditioning, and defective axonal outgrowth (Ikegami et al., 2000; Dawson et al., 2001) . We crossed the tau knock-out mice (Dawson et al., 2001 ) with the Hung-Li SMA mice to generate the tau
; SMA compound mutant mice and examined various SMA phenotypes. In SMA pathogenesis, motor neuron degeneration is preceded by other defects, including reduced excitatory synapse formation (synaptic stripping) on motor neurons and NMJ denervation (Kariya et al., 2008; McGovern et al., 2008; Ling et al., 2010 Ling et al., , 2012 Mentis et al., 2011) . Accordingly, we first tested whether genetic knock-out of tau could rescue the synaptic stripping defects in SMA mice. The number of glutamatergic synapses on L1-L2 level motor neurons was quantified by the colocalization of the excitatory glutamate synapse marker VGluT1 with the motor neuron cell body marker ChAT (Fig. 6A-E) . We found that excitatory synaptic boutons on motor neurons were reduced significantly in SMA mice compared with WT littermate controls. Importantly, excitatory synapse formation on the tau Ϫ/Ϫ ;SMA compound mutant mice is restored to the WT level ( p Ͻ 0.0001, one-way ANOVA with Tukey's HSD post hoc analysis; WT, n ϭ 40; tau Ϫ/Ϫ , n ϭ 35; SMA, n ϭ 61; SMA;tau Ϫ/Ϫ , n ϭ 70; Fig. 6A-E) , suggesting that tau knock-out rescues the excitatory synapse stripping phenotype in SMA mice. In addition to synaptic defects, another key pathogenic phenotype of SMA disease is innervation deficiencies of the NMJ by motor axons (A, B) can be recognized by antibodies to the motor neuron marker HB9 (A, B, red) and the pan-neuronal marker TuJ1 (A, green). TUNEL staining (C, D, red) shows degeneration induced by expressing tau constructs together with Cdk5/p25 and GFP. Expression of WT tau, but not the phosphorylation-deficient tauS202A,T205A mutant, together with Cdk5/p25 or expressing the phosphorylation mimetic tauS202E,T205E mutant leads to significantly increased neurodegeneration. Quantified results (E) are from five independent experiments and 6116 neurons and are mean Ϯ SEM. ***p Ͻ 0.0001, Student's t test. F-J, Phosphorylation-deficient tauS202A,T205A mutant rescues motor neuron defects in a zebrafish SMA model in vivo. Antisense MO knockdown of Smn in Tg(olig2:egfp) transgenic zebrafish leads to truncations (white arrows in H) or abnormal branching of motor axons. G-I correspond to regions similar to the boxed area in F. Motor neuron defects can be rescued by the expression of RNA encoding the phosphorylation-deficient mutant tauS202A,T205A (J). Expression of tauS202E,T205E leads to significantly increased motor axon defects in zebrafish (J). Data are from five independent experiments and 572 fish and are mean Ϯ SEM. ***p Ͻ 0.0001, Student's t test.
( Kariya et al., 2008; Ling et al., 2010 Ling et al., , 2012 . In the zebrafish model of SMA, we also observed motor axon defects induced by tau phosphorylation (Fig. 5F-J ) . These findings prompted us to examine the functional consequence of tau knock-out on NMJ phenotypes in SMA mice. In the ⌬7 SMA mouse model, NMJ denervation was found in many muscles, including the FDB controlling the second digit (FDB-2; Ling et al., 2012). Thus, we examined the innervation of FDB-2 NMJ in WT, SMA, tau Ϫ/Ϫ , and tau Ϫ/Ϫ ;SMA mice. NMJs were stained with anti-synaptophysin and anti-neurofilament antibodies to label presynaptic structures and BTX to mark postsynaptic AChRs (Fig. 6F-I ). NMJs on FDB-2 muscles are innervated fully in WT and tau Ϫ/Ϫ mice but show significantly increased denervation or partial innervation in the Hung-Li SMA mice (Fig. 6J ) . The levels of partially or fully denervated NMJ in the Hung-Li SMA mice were lower than those reported for the ⌬7 SMA mice, likely as a result of genetic background and strain differences between these mouse models (Ling et al., 2012) . Importantly, FDB-2 NMJ innervation in tau Ϫ/Ϫ ; SMA mice was rescued back to WT levels, indicating that genetic knock-out of tau rescues NMJ defects in SMA mice ( p Ͻ 0.0001, one-way ANOVA with Tukey's HSD post hoc analysis; Fig. 6F-J ) . More than 100 NMJs on the FDB-2 muscle from each mouse were used. Four mice for each genotype were analyzed.
NMJ denervation and synaptic stripping have been suggested to contribute to motor neuron degeneration in SMA disease (Kariya et al., 2008; McGovern et al., 2008; Ling et al., 2010; Mentis et al., 2011) . To examine motor neuron degeneration in SMA mice, lumbar level spinal cord sections were stained with antibodies recognizing motor neuron-specific transcription factor HB9. Quantification of HB9-expressing spinal motor neurons showed a dramatic reduction in SMA mice compared with WT or tau Ϫ/Ϫ control littermates, reflecting motor neuron degeneration in SMA disease conditions ( p Ͻ 0.0001, one-way ANOVA with Tukey's HSD post hoc analysis; WT, n ϭ 129; tau Ϫ/Ϫ , n ϭ 139; SMA, n ϭ 144; 
SMA;tau
Ϫ/Ϫ , n ϭ 186; Fig. 6K-O) . No significant motor neuron degeneration was detected in tau knock-out mice. Remarkably, the number of motor neurons in tau Ϫ/Ϫ ;SMA compound mutant mice is restored to WT levels, suggesting a rescuing effect of tau knock-out on motor neuron degeneration in SMA pathogenesis (Fig. 6O) . The survival, body weight, and behavioral defects are not rescued in the tau Ϫ/Ϫ ;SMA double mutant mice, similar to findings of other genetic rescue studies (Paez-Colasante et al., 2013) . One potential explanation for the persisting defects is that genetic removal of tau did not rescue tau Ϫ/Ϫ ;SMA mouse defects in other organs, including the heart, caused by ubiquitous reduction of SMN protein, because tau is expressed specifically in neurons (Rudnik-Schöneborn et al., 2008; Bevan et al., 2010; Heier et al., 2010; Shababi et al., 2010) . Altogether, results from these experiments suggest that genetic knock-out of tau rescues spinal motor neuron degeneration and defective synapse formation on motor neurons in SMA mice.
Discussion
Although phosphorylated tau has well established roles in tauopathies, including Alzheimer's disease, the phosphorylation of tau in SMA pathogenesis has not been explored. Using two SMA mouse models and human SMA patient spinal cord samples, we show that the phosphorylation of tau on S202 and T205 is significantly increased in motor neurons affected by SMA. The expression of tau with enhanced phosphorylation on S202 and T205 by Cdk5 leads to motor neuron defects in zebrafish and mouse motor neurons, whereas tau deficient for phosphorylation alleviates motor neuron defects. Interestingly, phosphorylated tau does not form aggregates in either human SMA patients or SMA mice even at late stages of the disease, distinguishing it from other tauopathies.
The functions of non-aggregating tau
One of the most unexpected findings from this study is that phosphorylated tau does not form aggregates in SMA disease conditions. Traditionally, tau aggregates are considered a pathologic hallmark of tauopathies. However, increasing evidence suggests that tau inclusions may not be responsible for neurodegeneration. In a regulatable tau transgenic mouse line, inhibiting tau production after filamentous tau inclusion formation reversed learning behavior impairments, although tau inclusion formation progressed (Santacruz et al., 2005) . It has also been reported that decreasing the level of soluble tau reduces caspase activation in inclusion-positive neurons without affecting the number or size of tau aggregates, suggesting that non-aggregating tau may activate the proapoptotic pathways (de Calignon et al., 2010) . In addition, studies in transgenic flies indicate that soluble tau species, possibly dimers, confer toxicity (Feuillette et al., 2010) . Therefore, small soluble tau complexes or tau with aberrant conformation, rather than tau aggregates, may be the real trigger of cell death pathways and neurodegeneration. This is consistent with our finding that tau phosphorylated on S202 and T205 can increase motor neuron degeneration without forming precipitates (Fig. 2) .
Motor neuron-specific increase of tau phosphorylation
We have found that increased tau phosphorylation on S202 and T205 is localized primarily in SMA disease motor neurons. This is likely a result of both the neuronal-specific expression of tau and the restricted increase of Cdk5 activity in motor neurons affected by SMA. Previous studies have suggested that tau is expressed primarily in neurons but show limited expression in glial cells (Trojanowski et al., 1989; Tashiro et al., 1997; Klein et al., 2002) , which we validated via immunostaining in which we detected little phosphorylated tau detected in glial cells at P9 in the spinal cords of WT or SMA mice. In addition to the neuronal-specific expression of tau, our group recently found that Cdk5 activity was increased in spinal motor neurons affected by SMA (Miller and Y.-C. Ma, unpublished observations), which may also contribute to the motor neuron-specific increase of tau phosphorylation. It is worth noting that some spinal cord sections show high background fluorescent signals in both WT and SMA mice when mouse monoclonal (including the AT-8 anti-phosphorylated tau) antibodies are used. We have occasionally found similar patterns of staining on control samples using just the anti-mouse secondary antibody, suggesting that these background signals are likely from unspecific cross-reactions between secondary antibodies and mouse tissue sections. We found that efficient perfusion of mice before fixation was essential for reducing these unspecific background staining. Regardless of background signals in the neuropil, phosphorylation of tau on S202 and T205 is always significantly higher in motor neurons affected by SMA than those from control mice.
The motor neuron-specific increase of tau phosphorylation in SMA mice does not exclude the possibility that non-neuronal cells contribute to motor neuron degeneration. In SMA conditions, changes in non-neuronal cells, such as microglia, may lead to increased Cdk5 activity and tau phosphorylation in motor neurons in a non-cell-autonomous manner. This possibility is consistent with observations in neuronal-specific Smn knock-out mice, which show NMJ organization defects but not tau phosphorylation changes at P30 (Cifuentes-Diaz et al., 2002) . These Nestin-Cre;Smn F/F mice survive until 45 d of age and display milder degeneration of motor neurons: ϳ30% decrease at P30 compared with 42% reduction of spinal motor neurons at P9 observed in Hung-Li SMA mice (Fig. 6) . The phenotypic differences between these two mouse lines could be attributable to contributions of non-neuronal cells to motor neuron degeneration in Hung-Li SMA mice. Because the best characterized function of SMN is in snRNP biogenesis and pre-mRNA splicing, we are currently using RNA isolated from motor neurons and glia of SMA mice together with high throughput sequencing to study splicing defects that may lead to the disruption of Ca 2ϩ homeostasis and increased Cdk5 phosphorylation of tau.
Motor neuron degeneration caused by tau phosphorylation
How does the hyperphosphorylation of tau contribute to motor neuron degeneration in SMA? Possible explanations include the disruption of tau-interacting pro-survival signaling complexes, increased excitotoxicity induced by tau phosphorylation, and the dysregulation of motor neuron axonal transport. First, increased tau phosphorylation in SMA motor neurons may lead to degeneration by disrupting pro-survival signaling pathways. Tau has been shown to act as a protein scaffold to bind signaling complexes through its PR domain (Lee et al., 1998; Reynolds et al., 2008) . Therefore, phosphorylation of tau on S202 and T205 located in its PR domain (Fig. 1A) may alter the localization and activity of tau binding partners, including phosphatidylinositol 3-kinase, the growth factor receptor scaffolding protein Grb2, and Src family kinases that are critical for neuronal survival (Lee et al., 1998; Reynolds et al., 2008) . Second, increased phosphorylation of tau could result in excitotoxicity in motor neurons affected by SMA. It has been reported that tau is required for targeting the Src family kinase Fyn to postsynaptic sites to phosphorylate the NR2B subunit of NMDA receptors to prevent NMDA receptor-mediated excitotoxicity (Ittner et al., 2010) . In addition, phosphorylation promotes the entrance of tau into dendritic spines to impair miniature EPSCs (Hoover et al., 2010) . Thus, increased phosphorylation of tau could disrupt the balance between excitatory and inhibitory synaptic inputs on motor neurons, leading to excitotoxicity in SMA. This possibility is consistent with our observation that defective glutamatergic synapse formation on SMA motor neurons, which may contribute to excitotoxicity in SMA disease condition (Mentis et al., 2011) , can be rescued by genetic knock-out of tau in SMA mice (Fig. 6) . It is worth noting that the lifespan of SMA mice was not rescued significantly by tau knock-out. This is likely because tau hyperphosphorylation-induced defects are restricted to neurons; other pathological deficiencies in SMA mice, including those in the cardiovascular systems, cannot be alleviated by the genetic removal of tau. Finally, phosphorylation of tau could impair microtubule assembly in axons and microtubule-dependent axonal transport. The phosphorylation of tau on S202 and T205 in sciatic nerve motor axons and NMJs is not upregulated in SMA mice ( Fig. 3A-P) , suggesting that increased tau phosphorylation in motor neuron somas may contribute to axonal defects. Tau binds microtubules directly through its microtubule-binding repeat sequences. Hyperphosphorylation of somatic tau may neutralize the positive charge within its microtubule-binding repeat sequences (Fischer et al., 2009; Jho et al., 2010) , reducing its microtubule-binding affinity, thus affecting microtubule organization and stability in axons (Caceres and Kosik, 1990; Harada et al., 1994; Perez et al., 2009) . Additionally, tau phosphorylation could affect activities of microtubule-dependent motor protein dynein and kinesin (Ebneth et al., 1998; Dixit et al., 2008) , leading to axonal transport defects. Our finding that expression of tau phosphorylated on S202 and T205 in zebrafish produce a motor axon truncation phenotype may reflect compromised microtubule structure or axonal transport that are critical for supplying building material and energy for axonal outgrowth. The defective motor axon innervation of NMJs in SMA mice may also be related to dysfunction of axonal transport and microtubule assembly caused by tau hyperphosphorylation. In particular, microtubule-dependent defects may be exacerbated in spinal motor neurons that have long axons, contributing to the selective vulnerability of motor neurons in SMA. Altogether, phosphorylated non-aggregating tau could be a nexus for multiple pathways that leads to motor neuron degeneration. Additional exploration of the underlying mechanisms will have implications for understanding the pathogenesis of SMA and other neurodegenerative disorders.
